In addition to its role in promoting preleukemic hematopoietic cell self-renewal, AE represses DNA repair genes, which leads to DNA damage and increased mutation frequency. Although this latter function may promote leukemogenesis, concurrent p53 activation also leads to an increased baseline apoptotic rate. It is unclear how AE expression is able to counterbalance this intrinsic apoptotic conditioning by p53 to promote survival and self-renewal. In this 
Introduction
Acute myeloid leukemia (AML)1-ETO (AE) is a fusion product of chromosomal translocation (8;21)(q22;q22) present in 10%-15% of total AML and 40% of French-American-British M2 type AML. 1 In murine and human hematopoietic stem and progenitor cells (HSPCs), AE promotes self-renewal and blocks lineage differentiation, but does not by itself cause leukemic transformation. [2] [3] [4] [5] [6] [7] Although it is generally accepted that AE interferes with normal functions of endogenous full-length AML1 (RUNX1) for lineage differentiation, including through repression of PU.1 and C/EBP␣, it is not known how AE facilitates the existence of preleukemic cells and promotes leukemogenesis. 8, 9 During normal hematopoiesis, the number of self-renewing hematopoietic stem cells (HSCs) is regulated through their proliferative potential in response to emergency situations. Multiple systemic and niche-mediated ligand-receptor signals implicated in the regulation of HSC homeostasis have been identified. 10 One of the extensively studied signaling pathways in this regulation is the thrombopoietin (THPO)/MPL regulatory pathway. Although THPO was originally discovered to support megakaryocytic development, it is now known that THPO plays a critical role in both the establishment of definitive hematopoiesis and the maintenance of adult HSCs. 11 THPO regulates emergence of hemangioblasts from the aorta-gonad-mesonephros region, and the migration of hematopoietic cells to the fetal liver. 12 In adult mice, 2 elegant studies have demonstrated that THPO signaling promotes HSC quiescence, thereby preventing premature exhaustion. 13, 14 In addition, this signaling pathway has been implicated in hematologic malignancy with the demonstration of activating MPL mutations in myeloproliferative diseases and AML. [15] [16] [17] It is evident that this ligand/ receptor pair play a critical role in both normal and malignant hematopoiesis.
Recent data indicate that apoptosis also plays a regulatory role in maintaining the homeostasis of normal HSCs. In both murine and human hematopoietic systems, Bcl-2 overexpression leads to expansion of the HSC compartment and enhanced hematopoietic reconstitution ability. 18, 19 Moreover, genetic depletion of Mcl-1, a Bcl-2 antiapoptotic family member, in murine HSCs results in bone-marrow (BM) failure and also plays a critical role in the self-renewal capacity of human umbilical cord blood CD34 ϩ CD38 Ϫ cells. 20, 21 In addition, it has been described that HSCs have a distinct response to DNA damage that is regulated by p53 in both apoptosis-dependent and independent manners. 19, 22 We and others recently demonstrated that AE expression leads to repression of genes involved in multiple DNA repair pathways in both primary AML samples and AE-expressing human umbilical cord blood cells (AE cells), resulting in subsequent increases in DNA damage and mutation frequency. 23, 24 Although these phenomena may partly explain how AE promotes leukemogenesis, it is unclear how these cells withstand the DNA damage-induced p53 activation and apoptosis.
In this study, we sought to understand the key survival signals opposing the genetic insults on AE expression. We found that Bcl-xL is up-regulated after AE expression in human CD34 ϩ umbilical cord blood (UCB) cells, Bcl-xL is maintained at high levels in AE cells via THPO/MPL signaling, and AE specifically up-regulates MPL transcription. Interestingly, in addition to survival signaling through Bcl-xL, the THPO/MPL signaling pathway also regulates cell-cycle reentry and prevents AE cell differentiation, which defines it as a master regulator of self-renewal downstream of AE. Finally, we show a significant correlation between MPL and Bcl-xL protein levels in t(8;21) leukemic blasts but not in those with normal cytogenetics, which suggests the existence of an active THPO/MPL/Bcl-xL pathway in leukemic t(8;21)-positive cells.
Methods

Reagents
CP690550 was from Selleck Chemicals. LY294002, PD98059, and cyclohexamide were from Sigma-Aldrich. Anti-MPL monoclonal antibodies (1.6.1 and 1.75.1) were from Amgen.
Cell cultures and cell morphology assay
UCB cells were obtained at CCHMC according to an institutional review board-approved protocol. Informed consent was obtained in accordance with the Declaration of Helsinki. CD34 ϩ cells were separated using EasySep CD34 selection kit (StemCell Technologies). Cells were cultured as described. 25 Pictures were taken with a Leica DMI6000 B microscope.
Viral transduction
The pMSCV-IRES-GFP, pMSCV-IRES-Thy1.1, pMSCV-HA-AE-IRES-GFP, and pMSCV-HA-AE-IRES-Thy1.1 constructs were previously described. 24 The pBabe-IRES-puro and pBabe-Bcl-2-IRES-puro constructs were from Addgene (http://www.addgene.org). The pBabe-Bcl-xL-IRESpuro construct was subcloned from a pcDNA3 construct using EcoRI (kind gift from Dr Douglas R. Green, St Jude Children's Hospital). Retroviral transduction protocol was previously described. 25 pLKO.1 lentiviral Bcl-xL and MPL shRNA-puro constructs were from Sigma-Aldrich. Venus replaced the puromycin resistant gene at BamH1 and Kpn1 sites. Lentiviruses were produced in 293T cells. Cells were incubated with concentrated lentiviruses at 5 ϫ 10 6 cell/mL for 18 hours.
Flow cytometry
Cells were analyzed on FACSCantoII (BD Biosciences). Anti-human CD45 and CD34 were from BD. BM-derived cells were pretreated with anti-mouse CD16/CD32Fc␥ receptor (BD Biosciences) to block nonspecific binding, and 7-AAD was used to exclude nonviable cells.
Cell cycle and apoptosis analysis
BrdU (5-bromo-2Ј-deoxyuridine; 10mM) was added to the cells for 24 hours. BrdU Flow Kit (BD Biosciences) was used for BrdU staining. PE-conjugated Ki-67 was added to distinguish cells in the G 0 phase. Apoptosis analysis was performed using APC Annexin V Apoptosis Detection Kit (BD Biosciences).
CFU-C assay
CFU-C assay was performed as described. 25 For experiments where THPO was supplemented in methycellulose media, 20 ng/mL THPO was used.
Long-term culture-initiating cell assay
MS5 cells were maintained in ␣-minimum essential medium (MEM) supplemented with 20% FBS and 100 U/mL penicillin/streptomycin. MS5 cells (2 ϫ 10 4 ) were seeded into 96-well plates, followed by seeding 3 ϫ 10 4 , 1 ϫ 10 4 , 3 ϫ 10 3 CD34-selected AE cells on the MS5 monolayer in 10 replicates. The coculture was maintained in ␣-MEM with 10% FBS, 10% horse serum, 100M 2-mercaptoethanol, 2mM L-glutamine, 100U/mL penicillin/streptomycin, and 100M hydrocortisone sodium hemisuccinate with weekly demi-depopulation for 5 weeks, and then each well received 100l methylcellulose with 20% BIT9500 and cytokines, stem cell factor (SCF), G-CSF, interleukin (IL)-3, IL-6, and THPO. After 14 days, the colonies were scored. The frequency of long-term culture-initiating cells (LTC-ICs) was calculated using L-Calc (StemCell Technologies).
Antibodies and immunoblotting
Anti-Bcl-xL, anti-Bcl-2, anti-phospho-Akt (S473), total Akt, phosphoErk1/2 (T202/Y204), total Erk1/2, phospho-Stat3 (Y705), total Stat3, phospho-Stat5 (Y694), and total Stat5 antibodies were from Cell Signaling Technology. Anti-p53 monoclonal antibody was from Thermo. Anti-␤-actin antibody was from Sigma-Aldrich. Immunoblotting was performed as described previously. 25 
Quantitative PCR
RNA was isolated with the RNeasy kit. RNA was reversed transcribed using MuLV RT and random hexamers (Applied Biosystems). cDNA was subjected to quantitative PCR using SYBR Green technology (Applied Biosystems).
In vivo xenotransplantation
Cells (1 ϫ 10 6 -1.5 ϫ 10 6 ) were injected into the femurs of NOD/SCID-SGM3/IL-2rg Ϫ/Ϫ (NSG) mice. Some cells were cultured in vitro to determine the percentage of Venus ϩ cells at day 3. After 6 weeks, BM aspiration was performed on the injected bone. Flow cytometry was performed to determine the percentage of Venus ϩ cells of the human CD45(ϩ).
Mouse fetal liver experiments
E13.5 C57BL/6 fetal liver cells were separated to single-cell suspension in StemSpan (StemCell Technologies) containing 10 ng/mL murine IL-3, 10 ng/mL human IL-6, 100 ng/mL rat recombinant stem cell factor, followed by incubation with retroviruses. On day 3, GFP ϩ c-Kit ϩ cells were sorted and lysed for RNA. Two hundred thousand GFP ϩ cells were injected into lethally irradiated BoyJ mice. At week 3, mice were killed, BM cells were sorted for GFP ϩ c-Kit ϩ cells and lysed for RNA. For protein analysis, recipient mice were killed when they became moribund. BM cells were analyzed by Western blot.
Microarray data analysis
Generation of microarray data has been described (GSE8023). 24 The microarray database from a pediatric AML study 26 was imported into GeneSpring (Agilent Technologies) for analysis. Pairwise comparisons were performed using Welch t test with Benajmini and Hochberg multiple testing correction to identify differentially expressed genes.
Online supplemental material
Six figures are included in the supplemental material (available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
Results
Bcl-xL is up-regulated after AE expression in human hematopoietic cells
We have previously reported that AE expression in human UCB CD34 ϩ cells leads to repression of genes involved in various DNA repair pathways, resulting in DNA damage, up-regulation of p53 target gene expression, and a subsequent increase in baseline apoptosis rate as well as in vivo mutation frequency. 24 We reasoned that AE-expressing cells must adopt specific survival mechanisms to avoid overwhelming p53 activation and apoptosis. A search for apoptosis-regulatory genes in our microarray database comparing CD34 ϩ UCB cells and CD34 ϩ AE cells revealed that Bcl-xL was significantly up-regulated in association with AE expression, whereas other family members remained unchanged (Mcl-1, Bcl-w, and A-1) or were down-regulated (Bcl-2; Table 1 ). 24 Multiple clones confirmed early up-regulation of Bcl-xL and down-regulation of Bcl-2 after AE expression both at mRNA and protein levels by quantitative PCR and immunoblotting, respectively (Figure 1 A-B) . Bcl-xL up-regulation was detected in both AE-expressing CD34 ϩ and CD34 Ϫ cells, which suggests that this effect is probably not related to differentiation stages of AE cells but rather directly related to the presence of AE ( Figure 1C ). 
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Bcl-xL is a critical survival protein in AE-expressing cells
To test the functional role of Bcl-xL, we validated 2 short-hairpin RNA (shRNA) sequences to knockdown Bcl-xL in AE cells (supplemental Figure 1A) . Bcl-xL knockdown in AE cells, but not in CD34 ϩ cord blood cells resulted in significant growth decline ( Figure 1D ). An in vivo xenotransplantation study further showed that Bcl-xL knockdown led to significant reduction in engraftment in NSG mice at 6 weeks ( Figure 1E ). Notably, ablating Mcl-1 or Bcl-2 with shRNA did not lead to negative growth effects, which indicates a unique role for Bcl-xL (supplemental Figure 2) . Ectopic Bcl-2 expression in AE cells rescued cell growth on Bcl-xL knock-down (supplemental Figure 1C-F) . Consistently, increased apoptosis was observed in AE cells after Bcl-xL knockdown, as evidenced by increased active caspase 3 and annexin-V expression ( Figure 1G ). The apoptotic effect was rescued by ectopic Bcl-2 expression ( Figure 1H ).
Bcl-xL regulates the frequency of primitive AE cells
The human AE-expressing cord blood cell model is composed of cells at various differentiation stages. The most primitive clonogenic cells and LTC-ICs comprise fewer than 1% and .001% of the CD34 ϩ AE cells, respectively. 7 These cells appear to be required for sustaining culture expansion, and may represent cells that are responsible for the establishment of the preleukemic clone in humans.
We asked whether, in addition to its antiapoptotic role in the majority of AE cells, Bcl-xL is also important in the primitive cells. We performed colony-forming assays to examine whether the frequency of clonogenic AE cells was reduced on Bcl-xL knockdown. AE cells were transduced with nontargeting (NT) or Bcl-xL shRNAs, sorted, and plated in methycelullose media. Bcl-xL knockdown led to a dramatic reduction in colony number compared with the NT control cells (Figure 2A ). More strikingly, the majority of the colonies from the Bcl-xL knockdown group, but not the NT group, were derived from AE cells that did not express Bcl-xL shRNA, presumably because of impure sorting and a severe selection pressure (Figure 2A ). To further study the role of Bcl-xL in AE cells, we overexpressed Bcl-xL in AE cells, and found an increased frequency of clonogenic cells with enhanced serial replating ability, which suggests that Bcl-xL protein levels regulate the pool size of clonogenic AE cells ( Figure 2B) . Similarly, an LTC-IC assay also showed that Bcl-xL overexpression significantly increased the frequency of LTC-IC ( Figure  2C ). Taken together, we conclude that Bcl-xL regulates the frequency of the primitive AE cells.
THPO/MPL signaling is required to maintain Bcl-xL protein levels
The THPO/MPL pathway is required during megakaryopoiesis, and this function is dependent on Bcl-xL up-regulation. 27 This same pathway also plays a critical role in the maintenance of self-renewing long-term HSCs, but it is not known whether Bcl-xL is up-regulated and plays a role in this cellular compartment. 13, 14 We asked whether the THPO/MPL pathway is responsible for Bcl-xL up-regulation in the self-renewing AE cells. To test this, we depleted THPO in the growth media of AE cells. As a comparison, we also withdrew SCF and FLT3L individually from the media, because both of these signaling pathways have also been implicated in HSC self-renewal. Interestingly, we observed significant Bcl-xL protein loss only after THPO withdrawal, but not SCF or FLT3L ( Figure 3A) . Similarly, knocking down MPL using shRNA (supplemental Figure 1B) or blocking THPO signaling using MPL neutralizing monoclonal antibodies also resulted in Bcl-xL downregulation, suggesting that the THPO/MPL signaling pathway is involved in Bcl-xL regulation in AE cells ( Figure 3B-C) . 28 In contrast, THPO withdrawal from cultures of MLL-AF9 expressing human UCB cells, produced and cultured in the same way as the AE cells, did not result in Bcl-xL protein level changes (supplemental Figure 3A) .
On THPO binding, the MPL receptor activates Janus kinase 2 (JAK2), which further activates signal transducers and activators of transcription (STAT) 3/5 proteins, transcription factors that are known to transactivate Bcl-xL gene expression. [29] [30] [31] Activated JAK2 also signals through RAS to activate the mitogen-activated protein kinase (MAPK) and AKT downstream pathways. As expected, phosphorylation of the STAT3/5 proteins and levels of Bcl-xL mRNA were decreased quickly after THPO withdrawal ( Figure 3D , supplemental Figure 4A ). These results indicate a transcriptional component of Bcl-xL regulation through the JAK2/ STAT pathway. Interestingly, Bcl-xL protein levels were also reduced in Bcl-xL-overexpressing AE cells after THPO withdrawal (supplemental Figure 4B) . Decreased protein expression was also seen in the absence of changes in total Bcl-xL transcript levels, which suggests that THPO may also regulate Bcl-xL protein stability (supplemental Figure 4B) . Indeed, at an early time point when THPO-induced Bcl-xL protein down-regulation is not detected by immunoblotting (supplemental Figure 4C lanes 1-3) , inhibition of protein translation with cyclohexamide resulted in no change in Bcl-xL protein levels in the presence of THPO but led to a 50% decrease in Bcl-xL protein levels in the absence of THPO (supplemental Figure 4C lanes 2-4) , which suggests that THPO/ MPL signaling regulates Bcl-xL protein levels posttranslationally. On further examination of downstream signaling pathways regulated by THPO/MPL signaling, we found that both Akt and Erk1/2 phosphorylation were decreased in the absence of THPO ( Figure  3E ). Using pharmacologic inhibition, we observed Bcl-xL protein down-regulation in response to JAK2 inhibition by CP690550 and PI3K/Akt inhibition by LY294002, but not MEK inhibition by PD98059 treatment, suggesting that the PI3K/Akt pathway, but not the MEK/Erk pathway, plays a role in Bcl-xL protein regulation ( Figure 3F ).
Loss of THPO/MPL signaling leads to growth defect of AE cells
We next examined whether loss of the THPO/MPL signaling leads to phenotypic changes that are consistent with Bcl-xL depletion. Withdrawing THPO, but not SCF or FLT3L, resulted in a severe growth decline in AE cells ( Figure 4A ). In contrast, MLL-AF9 cells grew at a similar rate in the absence or presence of THPO (supplemental Figure 3B) . Similarly, knocking down MPL with shRNA also led to an in vitro growth disadvantage and an in vivo engraftment defect (Figure 4B-C) . A colony-forming assay also showed decreased clonogenic cell frequency in the absence of THPO ( Figure 4D ). Consistently, increased apoptosis was observed on THPO withdrawal, MPL knockdown, or treatment with MPL neutralizing monoclonal antibodies ( Figure 4E-G) . These findings indicate that THPO/MPL/Bcl-xL signaling is required for AE cells to balance against massive apoptotic response and to maintain a steady growth rate.
It is possible that AE cells become addicted to THPO as a result of prolonged culture triggering a selection process that leads to outgrowth of a clone that is most responsive to THPO, regardless of AE expression. We have previously shown that clonal selection of AE cell cultures does not occur until 6 weeks of growth in vitro. 7 To test this possibility, we transduced fresh CD34 ϩ UCB cells with AE and cultured the cells in growth media with or without THPO to determine whether THPO is required for cell growth and whether AE cells cultured in the absence of THPO become insensitive to THPO. To our surprise, we found that AE cells failed to exhibit self-renewal features (continued expansion of both bulk culture and CD34-expressing cells) without THPO even though other cytokines were present ( Figure 4H ). In contrast, unmanipulated UCB cells exhibited an overlapping growth pattern with or without THPO. Moreover, AE cells grown without THPO for 4 weeks adopted a morphologic appearance that suggested myeloid lineage maturation (low nucleus-to-cytoplasm ratio, condensed nucleus, cytoplasmic granule formation, and absence of mitosis), further demonstrating the inability of the AE fusion protein to signal effectively under these conditions ( Figure 4H ).
MPL is up-regulated in response to AE expression, and promotes increased Bcl-xL levels and enhanced replating of human CD34 ؉ cells
One possibility for these results is that THPO/MPL signaling is downstream of AE and that AE signals through the THPO/MPL pathway to promote self-renewal. To test this hypothesis, we first asked whether AE promotes THPO/MPL signaling by upregulating MPL levels. Analysis of the above-mentioned microarray database for MPL mRNA levels showed a more than 15-fold increase in MPL mRNA expression in CD34 ϩ AE cells compared 
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For personal use only. on April 13, 2017. by guest www.bloodjournal.org From with CD34 ϩ UCB cells (Table 1) . A quantitative PCR experiment also showed a 3-fold increase in MPL mRNA levels in response to AE expression in UCB cells ( Figure 5A ). Immunoblotting verified MPL protein up-regulation in response to AE expression and the concomitant Bcl-xL up-regulation, with both effects potentiated in the presence of THPO ( Figure 5B ). To further investigate whether MPL up-regulation leads to increased Bcl-xL protein levels, we expressed MPL in UCB cells and found a rapid up-regulaton of Bcl-xL ( Figure 5C ). Furthermore, although MPL expression did not lead to increased bulk culture growth rates or prolonged culture life, we observed enhanced colony-forming and replating ability (data not shown; Figure 5D ). Taken together, these findings confirmed that AE increases MPL expression, which then promotes signaling to facilitate Bcl-xL up-regulation and self-renewal in human UCB cells.
To further confirm these data in another system, we used a murine hematopoietic cell transduction and transplantation approach by expressing AE in C57BL/6 murine E13.5-14.5 fetal liver cells. We found an immediate increase in mRNA expression of both MPL and Bcl-xL (supplemental Figure 5A-B) . We injected a portion of the transduced cells into lethally irradiated recipient mice, along with unmanipulated BM helper cells. Interestingly, MPL mRNA expression remained elevated after 2 weeks of in vivo growth, whereas Bcl-xL mRNA expression became variable (supplemental Figure 5C-D) . Nonetheless, immunoblotting of AEexpressing donor cells after prolonged (2-3 months) in vivo growth showed significant increases in MPL and Bcl-xL protein expression compared with low-density BM cells (supplemental Figure 5E ). These findings suggest that AE also promotes the up-regulation of MPL and Bcl-xL proteins in murine hematopoietic cells.
THPO/MPL signaling regulates cell cycle entry and prevents differentiation of AE cells
Similar to the rescue effect of Bcl-2 in response to Bcl-xL knockdown, we found that THPO depletion-induced apoptosis was also eliminated when AE cells ectopically expressed Bcl-2 ( Figure  6A) . However, the cells did not continue to proliferate, and the culture eventually stopped expanding ( Figure 6B ). We hypothesized that THPO/MPL signaling also regulates cell cycle and Figure 3C were stained with annexin V and 7-AAD for flow cytometry analysis. (H) CD34 ϩ UCB cells with or without AE transduction were cultured in media in KF36 Ϯ THPO. Cell counting was performed biweekly using a hemocytometer. Data shown represents 1 UCB and 1 AE clone. The curves representing UCB THPO ϩ and THPO Ϫ groups overlap with each other. Consistent results were obtained from 3 additional UCB clones and 2 additional AE clones. At day 28, an aliquot of AE cells were labeled with anti-CD34 antibodies for flow cytometry analysis or were cytocentrifuged for Wright-Giemsa staining.
prevents primitive AE cells from losing self-renewal capability and undergoing differentiation. To test this, we incubated the AE/ pBabe(vector) and AE/Bcl-2 cells with BrdU in growth media with or without THPO for 24 hours and analyzed the percentage of cells that were BrdU-positive (indicating cells going through the S phase during the 24-hour time period) and Ki67-negative (indicating cells not in cell cycle) by flow cyometry ( Figure 6C ). Strikingly, we found that both AE/vector and AE/Bcl-2 cells cultured in the absence of THPO for 24 hours had an increased percentage of cells that were BrdU-positive and Ki67-negative, which indicates that AE cells exit cell cycle on loss of THPO/MPL signaling ( Figure  6D ). In other words, THPO/MPL signaling is required to keep cycling AE cells in the cell cycle. Moreover, we found that both AE/vector and AE/Bcl-2 cells cultured without THPO for 14 days contained fewer CD34 ϩ cells, especially the CD34-high cells, indicating an ongoing differentiation process ( Figure 6E ). These findings may explain the gradual loss of culture expansion without THPO even when apoptosis is inhibited.
MPL and Bcl-xL expression in primary human leukemic blast samples
Using the human UCB hematopoietic cell model, we were able to test the critical role of the THPO/MPL/Bcl-xL molecular pathway in AE-expressing preleukemic cells. However, it is not known whether this pathway remains active in fully transformed leukemic blasts as accumulation of additional genetic and epigenetic events during oncogenesis may impact on the molecular events within cells, making this pathway dispensable. An shRNA approach in AE-bearing cell lines showed that the transformed leukemic cells required continued expression of the AE fusion protein for their growth. 32, 33 We therefore hypothesized that AE-expressing t(8;21) blasts have high MPL levels. Interestingly, 3 distinct Affymetrix probe sets specific for MPL gene expression showed a significant up-regulation of the MPL gene in the t(8;21) M2 AML group compared with non-t(8,21) M2 AML or AML with other chromosomal abnormalities in publicly available gene expression profiling databases of adult AML (Figure 7A-B) . 34 In a quantitative PCR analysis, we also observed significantly higher levels of MPL in blasts with t(8;21) (n ϭ 4) than in those with normal cytogenetics (n ϭ 9; Figure 7C ). Although only one of 12 blasts with normal cytogenetics showed high MPL protein levels, 4 of 7 t(8;21) blasts exhibited high MPL protein expression ( Figure 7D) . Moreover, although it is technically challenging to directly study whether the THPO/MPL signaling pathway is involved in Bcl-xL regulation and cellular survival in primary leukemic blasts, we found a positive correlation between MPL and Bcl-xL protein expression in t(8;21) blasts (R 2 ϭ 0.62), but no correlation in blasts with normal cytogenetics (R 2 ϭ 0.01; Figure 7D -E). Taken together, these findings suggest that the THPO/MPL/Bcl-xL may also be active in some t(8;21) leukemic cells. More functional studies need to be done for a definitive answer.
Discussion
Our laboratory pioneered the use of human UCB and peripheral blood progenitor cells to study the biologic functions of AE. 6, 7 This human hematopoietic cell-based preleukemic model serves as a clean tool to allow direct analysis of the molecular changes within the cells in response to AE expression. In addition, the inherent nature of a hierarchical system in the human AE cell model makes it an ideal and biologically relevant system. These are features and advantages that are not present in either cell line models or primary leukemic blasts because of their relative homogeneity and complex genetic composition.
Using this human cell-based model, we aimed to understand how cells survive in the presence of the AE oncogene. We found that Bcl-2 and Mcl-1 are both dispensable for the survival of AE cells, but Bcl-xL is a unique survival effector regulated by the THPO/MPL pathway. Our finding of Bcl-2 down-regulation after AE expression is consistent with earlier reports which suggests that AE directly represses Bcl-2. 35 Bcl-xL, on the other hand, is up-regulated via an enhanced THPO/MPL signaling cascade because of MPL up-regulation by AE. Bcl-xL promotes the survival of AE cells and probably counters the increased apoptosis because of DNA damage and p53 activation. It also regulates the pool size of primitive AE cells (functionally defined in our study by the clonogenic assay and the LTC-IC assay). Although it is probable that Bcl-xL regulates the frequency of primitive AE cells via promoting their survival, it is also possible that Bcl-xL carries additional survivalindependent functions in this subpopulation. Specific cell surface markers for enriching these cells will facilitate our understanding of the exact role of Bcl-xL in this small fraction of cells. Notably, literature has suggested that Bcl-xL, in addition to its classic BH3-interaction functions, also interacts directly with p53 in the cytosol and prevents p53-induced apoptosis. 36 Bcl-xL also plays a role in regulating the cell cycle by interacting with cyclin-dependent kinase. 37 The former function of Bcl-xL is of particular interest to us, because we have shown that p53 is up-regulated in response to increased DNA damage, which resulted from AE expression. 24 It is therefore possible that Bcl-xL may directly interact with p53 in AE cells to minimize its overall activity for apoptosis induction; this remains to be investigated. Bcl-xL may be a rational target for therapy in t(8;21) AML, despite the potential specificity issue (normal vs AE-expressing hematopoietic cells) that remains to be resolved. Given the findings that Mcl-1 is a key survival factor in normal HSCs 20, 21 and that Mcl-1, though expressed, is dispensable in AE cells; it is probable that Bcl-xL and Mcl-1 have certain nonredundant cellular functions, and/or that Bcl-xL is expressed so abundantly in the context of AE that other Bcl-2 family antiapoptotic proteins, including Mcl-1, become less important. As the BH3 mimetic ABT-263 is now in clinical trials for multiple malignancies, including AML, it will be interesting to see whether this therapeutic approach will be effective in t(8;21) AML, and whether efficacy will correlate with Bcl-xL levels in the leukemic blasts. Previous studies have shown that AE-expressing leukemia cell lines depend on continued expression of the fusion protein for their self-renewing growth. 32, 33 Because targeting the AE fusion protein is still technically challenging, efforts may be redirected toward targeting the THPO/MPL self-renewal pathway. In our analysis, all primary t(8;21) leukemic blast samples have easily detectable MPL levels that show a positive correlation with Bcl-xL expression. In addition, more than one-half (4/7) of t(8;21) ϩ samples displayed high MPL protein levels. Despite high heterogeneity among clinical samples because of variable genetic backgrounds, additional unidentified genetic or epigenetic alterations, variability in purity of blasts because of inevitable processing errors, and so on, these findings provide strong evidence of a THPO/MPL/Bcl-xL pathway that is wellconserved from AE-expressing preleukemic cells to fully transformed blasts. Approaches could include monoclonal antibodies that neutralize the interaction between THPO and MPL, small molecular inhibitors and peptides that prevent THPO from binding to the MPL receptor, or JAK2 inhibitors that block the downstream signaling cascades. Whereas loss of either Bcl-xL or THPO leads to apoptosis, THPO also signals to regulate cell cycle and differentiation. In mouse genetic models and in human ex vivo studies, THPO/MPL signaling has been implicated in definitive hematopoiesis and the maintenance of early cells capable of self-renewal and repopulating the hematopoietic system. 12, 38, 39 However, it remains largely unknown which downstream effectors of the THPO/MPL pathway are key to promoting self-renewal. Studies conducted by the Kaushansky group found that THPO signaling promotes nuclear transport of HoxA9 and stimulates HoxB4 expression in UT-7/ THPO cells via the MAPK and p38 pathways, respectively. 40, 41 These findings provided insight into how THPO signaling may maintain hematopoietic cells in their primitive state, at least in leukemia cell lines. Interestingly, our finding that the regulation of Bcl-xL levels by THPO signaling is independent of MAPK activity but rather depends on the STAT and PI3K/Akt pathways may suggest that the Bcl-xL regulatory pathway may exist in parallel to the Hox regulatory pathways as separate components of the THPO signaling cascades. How THPO/MPL signaling regulates downstream molecular interactions to promote self-renewing cell division and to prevent differentiation merits further experiments for clarification.
To our knowledge, this is the first report that provides molecular evidence that survival factors constitute an essential downstream component of an upstream self-renewal signal (in this case the AE fusion protein and the THPO/MPL pathway; supplemental Figure  6 ). This concept gains increased relevance given the fact that many studies interrogating candidate molecules regulating self-renewal use functional assays and immunophenotypic markers that do not account for outcomes based on survival. Phenotypes that purport to show loss of self-renewal using assays, such as in vitro colony forming and replating assays or in vivo reconstitution assays, could alternatively be because of loss of cells through programmed cell death or other pro-death mechanisms, rather than loss of the ability (8, 21) ϩ sample, probably due to protein degradation. (E) Intensities of MPL and Bcl-xL blots were determined by densitometry and normalized to the medians from each cohort, followed by plotting normalized Bcl-xL value against MPL value for each sample. Trendlines and R-square (R 2 ) values were generated for non-t(8,21) and t(8;21) groups using Apple Numbers Version 2009 software.
to undergo asymmetric cell division. In the THPO/MPL pathway, we provided evidence that a survival-promoting component (in this case Bcl-xL), and a second component that regulates cell cycle entry/exit exist concurrently. However, in cases where "survival signals" are the only downstream component of a "self-renewal" gene, the definition of self-renewal may be called into question. We believe the concept of self-renewal may be viewed as a collective outcome of the coordinate regulation of cell survival, cell cycle entry/exit, polarity establishment during interphase, and so on. In such context, molecules and signaling pathways that are demonstrated to play a role in self-renewal by functional assays may be further dissected to provide insights into the understanding of the relative weights that are put on these various components of self-renewal.
In conclusion, our findings provide molecular evidence that Bcl-xL is a downstream component of THPO/MPL signaling that plays a critical role in self-renewing AE cells. The continuous requirement of AE to support t(8;21) leukemic cells suggests that targeting any component of its downstream key players may pave the way to cure the disease.
